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Abstract 

A coherent state of pions is introduced to the nonrelativistic quark model. The coherent pair 
approximation is employed for the pion field in order to maintain the spin-isospin symmetry. In 
this approximation the pion is localized in the momentum space, and the vertex form factor in the 
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O ' pion-quark interaction is derived from this localization. The nucleon masses and wave functions 



are calculated using this model, and our results are compared to those of the quark model with 



. the one pion exchange potential. Similar result is obtained for the mass spectrum, but there exists 

> ; 

, a clear difference in the internal structure of nucleon resonances. 
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I. INTRODUCTION 



The nonrelativistic constituent quark model (NRCQM) is one of the effective models 
of QCD. This model describes a baryon as a bound state of the constituent quarks in a 
phenomenological confinement potential. 

Isgur et al. have successfully applied the NRCQM to the study of baryon spectra |jl|, 
0. They have used the one gluon exchange potential (OGEP) with a phenomenological 
confinement potential in order to consider spin-dependence in the effective quark-quark 
interaction. As shown by De Riijula et al. the OGEP is introduced so as to take account 
of the asymptotic freedom of QCD in the effective model. 

Recently, the one meson exchange potential (OMEP) is introduced to the NRCQM in- 
stead of using the OGEP ^. In this potential mesons belong to the pseudoscalar 
octet, and are closely related with the spontaneous breaking of chiral symmetry (SB^S). 
This model has also succeeded in reproducing the observed baryon spectra [0. 

Many theoretical works have suggested that these mesons should be important degrees 
of freedom in the NRCQM. The OMEP seems to have desirable properties with respect 
to the spin-flavor dependence of the quark-quark interaction in contrast to the OGEP [Q. 
The dynamical role of mesons has been considered in order to deal with the long-standing 
problems in the NRCQM. For example, the mass difference between A(1405) and A(1520) 
can be produced by the coupling with the KN channel p|. In a recent work, a positive parity 
state appears as a first excited state in the nucleon mass spectrum when the scalar-isoscalar 
excitation of a meson field is taken into account 

In many quark models, mesons are usually treated on the basis of the perturbative idea. 
However, the perturbative method is not appropriate for mesons interacting strongly with 
quarks. As for the OMEP, only the one particle exchange is included. The static approx- 
imation is also used for the OMEP, while the dynamical effects of mesons such as a self 



energy should not be ignored ||T0|. 

In order to understand the mesonic effects on the nucleon structure, the nonperturbative 
property of mesons should be considered in a effective model. In this paper we make use 
of the coherent state formalism to describe the pion field in the NRCQM, which is one of 
the nonperturbative representations of the pion field. Instead of using Glauber's coherent 
state we apply the coherent pair approximation (CPA) to our calculation. In this 



2 



approximation the vacuum of the pion field is constructed from indefinite numbers of scalar- 
isoscalar pion pairs, and has definite quantum numbers for the orbital angular momentum 
and the isospin. 

Ref. IT3 has indicated that the hedgehog ansatz is better than the CPA as an approx- 



imation for the pion field in a ground state nucleon [T^, Because the hedgehog 
ansatz breaks the spin-isospin symmetry, the quantum numbers associated with this sym- 
metry must be projected out by semiclassical or adiabatic method. However, this projection 
method has some limitation when baryon resonances are considered, in which the excitation 
energy of quarks in a baryon is on the same order of the fluctuation energy of the pion field 



17| , p!q , |T9]. Note that, because the pion field in the CPA is the eigenstate of the spin-isospin 
symmetry, we do not have to rely on the projection method. Thus we expect that the CPA 
is more effective for our purpose, as far as we are interested in the qualitative estimation of 
the pion contribution on baryon spectra. 

We calculate the nucleon mass spectrum by taking account of the pion field in the CPA 
(the CPA model). We apply the CPA to the study of excited baryons, while this approxima- 
tion has been used to study the ground state nucleon [H, 1^. This application is considered 



as a good test ground to see the role of mesons in the nucleon structure. We employ a 
variational method to determine the momentum distribution of pion, which is similar to 
Tomonaga's intermediate coupling approximation applied to the pion-nucleon and the po- 
laron systems [^U|, We also calculate the mass spectrum by using the NRCQM with the 
one pion exchange potential (the OPEP model), and compare the result with that of ours. 
This article is organized as follows. In Sec. II our hamiltonian for the CPA model is 



presented, and the nucleon state in the CPA model is constructed in Sec. |ITT| . The calculation 



with the CPA model is explained in Sec. IV. A brief review of the OPEP model are given in 



Sec. 0. Our results obtained by the CPA model are exhibited in Sec. 0, and are compared 



with those by the OPEP model. A brief summary is given in the last section. 

II. MODEL HAMILTONIAN 

We describe the nucleon as a bound state of the three constituent quarks surrounded by 
the coherent state of pions. Our model hamiltonian is written as 

H = Hq + Ht, + H^q, (1) 



where Hq describes the relative motion of the three quarks in the center of mass (cm.) 
frame, i^Tr the pion kinetic energy and HT^q the pion-quark interaction. 

We apply the nonrelativistic kinematics for the constituent quarks, and we write Hq as 

i=l i<j 

where pi is the momentum of the ith quark, rriq the constituent quark mass, Vij = \rij\ = 
|rj — Fjl and V{rij) the phenomenological confinement potential. Tg is the cm. kinetic energy 
of the three quarks. The mass difference between the u and d quarks is not considered in 
this work. As for the confinement potential V{rij), although the linear form is often used 
for heavy-light quark systems ||22|, we choose the quadratic potential for simplicity: 

V{rij) = ^mgu^l, (3) 

where the parameter u determines the excitation energy of this three-quark system and its 
spatial distribution. 

The standard form of H,^ is employed in this model: 

POO 

H^= dkeLUkJ2(^iHk)a%{k), (4) 
Jo , 



where ujk = \/k'^ -\- fn^ with the pion mass m,r, and a''^i^{k) is the isovector annihilation oper- 
ator with the orbital angular momentum (/^, /i), the isospin component u and the momentum 
k = |k|. The annihilation operator in the spherical representation, 

a';M=^'^ JdkyCikhM, (5) 
satisfies the commutation relation 



a^k), a%{k')] = 6u'J,,'6..'^6{k - k'). (6) 

The pion-quark interaction H^^q takes the nonrelativistic form of the pseudoscalar (PS) 
coupling: 

3 

(7) 



where g is the pion-quark couphng constant, and cr^ and are the spin and isospin operators 
for the jth quark, respectively. The pseudovector couphng is also possible for the pion-quark 
interaction. Since this coupling is equivalent to the PS coupling in the low energy region, 
we use the PS coupling for simplicity. 



III. BASIS STATE FOR NUCLEON 



We construct the basis state for the representation of baryons by making a direct product 
of a three-quark state and a coherent state of pions. The three-quark state is given by a 
proper combination of four parts: 

|3q) = |[V^®xF'C*'C), (8) 

where ip, Xi ^-^id C stand for the orbital, spin, flavor and color parts, respectively. The 
total angular momentum is denoted by jq and the total isospin by tq. 

We use the eigenstate of Hq for the orbital part ip. The orbital part becomes a product 
of two independent harmonic oscillators when we use the Jacobi coordinates. The energy 
eigenvalue of Hq is Eq = {N^ + 3)^ where A^^ = 0, 1, 2, ■ ■ ■ . 

The spin part x has either the total spin 3/2 or 1/2, and is the irreducible representation 
of the spin SU{2) and the permutation group 5*3 simultaneously. The symmetry of the flavor 
part ( is the isospin SU (2) because we deal with the non-strange baryons in this work. Thus 
the flavor part is constructed in the same way as the spin part. The color part C is the singlet 
representation of the color SU{3). The three-quark state |3q) is totally antisymmetric under 
the exchange of quarks. 

Each Nghw level is degenerate. In the case of J = T = 1/2, for example, the degeneracy 
is as follows. There is only one nucleon state for the Qhuj level. The first excited level Ihw 
is twofold degenerate, i.e. two kinds of the p-wave excitation. The second excited level 2huj 
is fourfold degenerate, i.e. the 1-node excitation, the (i-wave excitation and two kinds of 
the p-wave excitation. These three-quark states are sequentially labeled by the subscript i: 
|3q;z) («=1, 2, 3---). 

The pion field in the CPA is described as the coherent pair state (CPS), which is the 
simultaneous eigenstate of the orbital angular momentum and the isospin. 



The CPS is first introduced by Bolsterli 12], and is applied to studying the ground state 
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nucleoli by Goeke et al. |]14[. Here we summarize the properties of the CPS briefly. See 
Refs. [1^, 0, |15| for details. Following Bolsterli's deflnition I^S], we introduce the operator 
instead of using a}^i,{k): 



dk k'ak)a%{k), 



(9) 



with the momentum distribution function C, [k) . The function C,{k) is real, and it is normalized 



as 



dk k'^iikf = 1. 

We determine C,{k) variationally in the following calculation. 

The ground state of the CPS |c.p.O;,^), i.e. the 0-unpaired pion state, is deflned as 



(10) 



n=0 



satisfying the eigenvalue equation 



(11) 



li,u 



X |c.p.0;O, 



(12) 



where x is the coherence parameter, and 6''" ■ 6''" is scalar-isoscalar combination for the pion 
pair. Owing to the coherent property Eq.(|I2]), the function /„(x) satisfles the recursion 
relation 



fn+l{x) 



x(2n + 11 



-fn{x) 



(13) 



(2L+ 1)(2T+ l) + 2n 

We determine fo{x) so that |c.p.O;^) is normalized. The 1-unpaired pion state of the CPS 
is deflned as 



|c.p.l;^;/^/i, u) 
1 



""-"b^lc.p.O^O 



Af{x)' ' 

Nix) ^ {2n + l)\ ^ ' ^' 

^ ' n=0 



(14) 



where J\f{x) is the normalization factor. 
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Using the three-quark state (H) and the CPS (0) and (0), we can write the basis states 
for nucleons as 

[|3q; z) ® Ic.p.O; C)] , [ISq; ^) ® Icp-l; f ; Q] , (15) 

where J and T mean the total angular momentum and the total isospin of a baryon, respec- 
tively. Note that we attach the label i to C,{k) because we consider the dependence of the 
CPS on the three-quark state |3q; i). The jth nucleon resonance is written as 

i 

[|3q;^)®|c.p.l;e;y]^^), (16) 

where the mixing coefficients satisfy ^^(«jj + Pji) = 1. The ground state nucleon is labeled 
by J = 0. 

IV. VARIATIONAL METHOD 

Here we comment on our four assumptions made in our calculation. The first assumption 
is for the model space in our calculation. Because we are interested in the low-lying nucleon 
states, we truncate the three-quark states at 2hw. The same reason will hold for our second 
assumption, i.e. we neglect the higher partial waves of the pion. We consider the pion with 
/jr = 1 in the following calculation. The third assumption is for the unpaired pion state in 
the CPA. We take account of the 0- and 1-unpaired pion states defined in Eqs.(|T2|) and (p!^. 
This is sufficient to see the nonperturbative effects, although the CPS with larger number of 
unpaired pions should be included for better approximation [jl3|, |T^. The last assumption 
is that the cm. of three quarks is always at rest when each quark interacts with the pion. 
Because the cm. correction may not be negligible for precise estimation of nucleon masses, 
this problem is left for our future work. 

Now we construct the nucleon states with (J, T) = (1/2, 1/2). The 0-unpaired pion state 
|c.p.O;^*) has quantum numbers {ln,tn) = (0,0), so that only the three-quark state with 
(jg, tg) = (1/2, 1/2) is combined with |c.p.O;^*). On the other hand, because the 1-unpaired 
pion state |c.p.l; l-,,) has quantum numbers t.„) = (1, 1), not only the three-quark state 
with {jq,tg) = (1/2,1/2) but also the state with {jq,tq) = (3/2,3/2) are combined with 
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|c.p.l; /^). In this case we numerically checked that other possible quantum numbers 
for the three-quark states, for example, {jg,tq) = (1/2,3/2), etc., can be neglected in our 
calculation. 

In order to determine the momentum distribution functions and the coherence 

parameters x,, we minimize the expectation value of H for the ground state nucleon vari- 
ationally. Considering the normalization condition for we take the variation with 

respect to 

5 (^{No\H\No) - J^Q^'rffc k^Cikf^ = 0, (17) 

where the Lagrange multipliers q are introduced. Then we obtain the explicit forms of Ci^) 
in terms of aoi, Poi, Q and Xj. 

The numerical calculation is performed iteratively as follows. First we prepare the initial 
values of aoi and /3oi for the fixed values of Xi and write the explicit forms of Ci^)- The 
constants q are determined so as to normalize Ci^)- Next we calculate the matrix elements 
of H by using ^*(fc), and reevaluate the mixing coefficients aoi and jSoi by diagonalization. 
This procedure is continued until these values converge. The values of are chosen to give 
the minimum energy of the ground state nucleon. 



V. CONSTITUENT QUARK MODEL 
WITH OPEP 



In this section, we briefly review the NRCQM with the one pion exchange potential 
(OPEP). We intend to compare the result of this conventional model (the OPEP model) 
with that of our CPA model. The hamiltonian is now 

i7 = i/o + E^r'^'' (18) 



i<j 



where Hq is the same as that of Eq.(g). The OPEP has the form |jTO 



rrOPEP ^ 5'^ ^ 



(TiCTj 



(19) 



The first term of Eq.([T9|) is tlie spin-spin interaction wliicli generates tlie mass difference 
between and A, for example. Tlie spatial part S'vr(rjj) of this interaction is explicitly 
written as 

S^{r,^) = -ml / dg^^^jo(gr,,)t/(q) - 47rf/(r,,), (20) 

where U{q) is the Fourier transformation of U{vij). When the pion and the quark are 
considered as point particles, U{vij) = 5^(r.y). This singular function is usually regularized 
properly to take account of the structures of these effective particles. Because the spin-spin 
interaction generally has a large effect on the baryon masses, the spectrum in this model 
depends on the choice of this regularization function. For example, the first excited positive 
parity state moves down if the special form is used for the regularization function [Q. Here 
we employ the simple form |jlO| 

f/M=(^)%-<, (21) 

where the range parameter k, is introduced. 

The second term of Eq. (|19D is the tensor interaction. The spatial part is 

2 .oo ^4 

- / dq^- 
TT Jo Q + m 



T.(r,,) = - / dq-^^j2iqr,,)Uiq). (22) 



The tensor force generates the mass splitting between iV(1535) and A^(1650) and has large 
effects on the internal structures of these states. 

Note that in the OPEP model the nucleons are purely expressed by the three-quark states 
\3q]i), while in the CPA model the coherent pair states are included. We consider those 
states with {jq,tq) = (1/2, 1/2) up to the 2fkJ energy level in this model. 



VI. RESULTS 



We calculate the nucleon mass spectrum and the ground state energy of A by using 
the CPA model. The parameters are determined as follows. The experimentally observed 
value is used for the pion mass, m^r = 140 MeV. The constituent quark mass ruq is fixed at 
300 MeV. The strength uj of the confinement potential and the pion-quark coupling constant 
g are chosen so that the energy differences between the ground state nucleon and the negative 
parity states agree with the experimental data 0. 
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We also calculate the mass spectrum by using the OPEP model, and the result is com- 
pared with that in the CPA model. Common values are used for the rriq and in these 
models, and the other parameters (a;, g and k) are determined in the same way as the CPA 
model. 

A. Energy Levels of Negative Parity States and A 

Both in the CPA model and in the OPEP model, we can find the parameter sets which 
reproduce the observed excitation energies of negative parity states. The splitting of these 
states is due to the tensor force generated by the pion-quark interaction. The numerical 
values of parameters are summarized in Table |. The obtained mass spectra are displayed 
in Fig. 1. 



2000 



> 

CD 

^ 1500 

LU 

1000 



OPEP CPA Exp. 

FIG. 1: Excitation spectra of the nucleon. The solid and short-dashed lines show the masses of 
positive parity and negative parity states, respectively. The ground state energy of A is shown by 
the dashed line for each case. 

The N-A mass difference becomes about 120 MeV in the CPA model and about 80 MeV 
in the OPEP model. The result for this quantity is somewhat improved in the CPA model, 
even though both values are smaller than the observed value ~290 MeV. 

Except for the values of model-dependent parameters, the qualitatively similar results 
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TABLE I: Parameter sets in the CPA model and the OPEP model. 
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CPA 


380 MeV 


5.10 




OPEP 


550 MeV 


1.75 


5.0 fm-2 



are obtained by the two different models. As far as the pion and its interaction with quarks 
are considered in the NRCQM, it is difficult to reproduce the masses of negative parity 
nucleons and the A^-A mass difference simultaneously. The complete description of the 
nucleon spectrum is not realized even if the nonperturbative coherent property is introduced 
to the pion field. 

Let us discuss the difference between the two models by considering the matrix elements 
of In the CPA model, the matrix element between jc.p.O;^") and |c.p.l; 1/x, i/) 

becomes 

(c.p.O;ri^.,|c.p.l;e'';l//,i/) 

r d'k _g_ ^ ^ ^ ^ ^ 

(23) 

where F'^{xa,xp) and F~{xa,Xj3) are given by 

- _^(^^)Z.(2n+l)!'^"^«/^ ' 

and Sa/3 is defined as 

s^0= / dk k''e{k)C^{k). (25) 
Jo 

We make an effective interaction which is active only for the model space composed of the 
three-quark and the 0-unpaired pion states, 

//f/^ = (c.p.o;ri^.,ic.p.i;n 



X -, ; r(c.p.l; P|//^„|c.p.l; 

£;-(c.p.i;e|i^^|c.p.i;e)^ p >^ I p >w 



(26) 
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In the OPEP model, the matrix element between |0) (the normal vacuum for the pion 
field) and |q, z^) = aj,(q)|0) is 

1 9 



where q is the momentum of exchanged pion and U (g) the form factor introduced in Sec. 0. 
By using this matrix element, we can write the OPEP as 

i<j \ I' 

+ (z^j)j- (28) 

Note that the closure is assumed for the intermediate baryons in this process. 

We first comment on the vertex form factor appeared in the matrix elements (|2^) and 
(P7|). The vertex form factor is necessary for the low energy effective model in order to 
suppress the high momentum contribution of pion. The form factor also suppresses the 
coupling with highly excited baryons and higher partial waves of pion included implicitly 
in the intermediate states. Many kinds of explanation are given for the origin of the form 
factor, e.g. due to the finite size of the pion and quark. Thus in the OPEP model we must 
supply the form factor U{q) to the pion-quark interaction with an additional parameter k. 

In the CPA model, we consider only the p-wave pion. The momentum distribution 
function ^'^{k) in the matrix element Eq. (^3]) , which is displayed in Figure |^, plays the role 
of a vertex form factor like U{q) in the OPEP model. The coherent property accounts for 
the origin of the form factor: the coherent state of pions is localized, and high momentum 
contribution of pion is cut off. The form factor in the CPA model does not include any free 
parameters, and is self-consistently determined by the variation. 

Secondly, we notice that the values of g in the two models are different. In the OPEP 
model all the continuum states of the plane wave pion (except for the high momentum 
components) contribute to the interaction. On the other hand, in the CPA model the 
pion in the coherent pair state always has the localized distribution specified by ^*(A;), and 
continuum states of pion is excluded from this model. Because of this constraint on the pion 
state, the matrix elements of H^^^ become smaller than those of H'^^^^. The large value 
of g is required in the CPA model in order to reproduce the observed spectrum, while the 
smaller value of g is found in the OPEP model. 
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10 20 
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FIG. 2: Momentum distribution function ^^{k) of the pion field for the three-quark ground state 
with Og,tg) = (1/2,1/2). 

Here we comment on our assumption about the partial wave of pion in the intermediate 
state. As demonstrated by our calculation, we obtain the qualitatively similar results in the 
two models for the masses of negative parity nucleons and the A^-A mass difference. The 
use of the large value of g compensates for neglecting all partial waves except the p-wave in 
the CPA model. We conclude that the contribution to the nucleon masses is dominated by 
the p-wave pion in the NRCQM including the pionic degree of freedom. 



B. Mixings Coefficients 

Table H shows the mixing coefficients for the negative parity excited states. In both 
models these two resonances are mostly due to the p-wave excitation of quarks in the nucleon, 
and are also mixtures of the two basis states with spin 1/2 and 3/2 for the three-quark part. 
The structure of these states in the CPA model is found to be different from that in the 
OPEP model. 

Let us consider the mixture of the two basis states, which is generated by the tensor 
force appearing in ffOP^p ^^^^ ^^le effective interaction H^^f^. There are three matrix 
elements of the hamiltonian H with respect to these basis states: two diagonal elements 
(if) 1/2, {H)s/2 and an off-diagonal element (H) 1/2,3/2- The mixing coefficients are solely 
determined by the ratio {{H)^i2 — {H)i/2) : (ii)i/2,3/2- Calculating the matrix elements, 
we obtain 0.1 : 1 when we use the hamiltonian H = H.^ + H^^^ in the CPA model, and 
1.9 : 1 in the OPEP model with H = ffOPEP rjj^g difference in this ratio between the two 
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TABLE II: Mixing coefficients of the negative parity states. Masses Calculated for each state are 
displayed in the second column. Both states include the spatial part with the p-wave excitation 
of one quark (thus the parity is negative), and the flavor part with mixed symmetry (tq = 1/2). 
These states are distinguished by the total intrinsic spin Sq (sq = 1/2,3/2). Both states have the 
total spin jq = 1/2. 



CPA 


mass [Me V] 


[!3q;Sg = 3/2)0|c.p.O)]H 


[|3q;sg = 1/2) |c.p.O)]M 




1537 


0.682 


0.652 




1641 


0.690 


-0.720 


OPEP 


mass[MeV] 


|3q; Sq = 3/2) 


|3q; Sq = 1/2) 




1529 


0.399 


0.917 




1646 


0.917 


-0.399 



models can be explained if we consider the intermediate baryons included in the effective 
interactions (|26D and (^). The mixing coefficients of negative parity nucleons are sensitive 
to the model space for baryons considered in the effective model. 

The magnitudes and the relative sign of the mixing coefficients manifest the internal 
structures of A^(1535) and A^(1650). It is well known that the configuration mixing in the 
OPEP model is not appropriate to the analyses of vrA^ and rjN reactions p4|. The CPA 



model does not improve this shortcoming of the OPEP model. As explained in Ref. |2^, the 
meson-quark coupling is not sufficient to explain these reactions, and we need something 
else for the quark-quark interaction. 

The structures of A^(940) and A (1232) are shown in Tables ^ and |V|, respectively. In 
both models, A^(940) is dominated by the three-quark state in the lowest energy. This is 
also the case for A(1232), and the d-wave excitation of quarks is hardly found in this state 
13, m. We note that A^(940) and A(1232) in the CPA model have the three-quark 



component with {jq,tq) = (3/2,3/2) and {jq,tq) = (1/2, 1/2), respectively. This is because 
the CPA model includes the 1-unpaired pion state in the description of baryons. 
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TABLE III: Mixing coefficients of A^(940). The quarks are always in the Ohuj state in this table. 
|3q;A^) stands for the three-quark state with {jq,tq) = (1/2,1/2), and |3q;A) with {jq,tq) = 
(3/2,3/2). 



CPA 


[|3q; A^) |c.p.O)]^^ 


[\3q;N) ® |c.p.l)]53 


[|3q; A) |c.p.l)]i5 




0.860 


-0.293 


-0.334 


OPEP 


|3q;Ar) 







0.998 



TABLE IV: Mixing coefficients of A(1232). The notation is the same as in Table ID 



CPA [|3q; A) |c.p.0)]ti [|3q; A^) O |c.p.l)]it 



0.898 -0.389 



OPEP |3q;A) 



0.9998 



C. First Excited State of Positive Parity Nucleon 

The first excited state of tlie nucleon is called the Roper resonance A^(1440). The excita- 
tion energy of this resonance is hard to reproduce in the constituent quark model without 
introducing strong short-range attractive force among the quarks ^, ^]. Several recent 
works have suggested that the positive parity state can be interpreted as a scalar-isoscalar 



excitation of some extra degrees of freedom ^]. The first positive parity excitation in 
our calculation does not correspond to the observed Roper resonance but to another state 
with higher mass. The coherent state of pions in the CPA does not produce such a strong 
short-range force as suggested by Refs. ||, ||, As for the spectrum of positive parity 
nucleons, the CPA model is similar to the OPEP model. 

However, the internal structure for the positive parity excitation is remarkably different 
between the two models. In the OPEP model, the first positive parity excitation is mainly 
due to the nodal excitation of quarks (about 97%) which has the symmetric spatial part. 
On the other hand, in the CPA model, the components of this excited state are classified as 
follows: the three quarks in the lowest energy with the 1-unpaired pion (about 47%), and 
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the nodal excitation of quarks with the 0-unpaired pion (about 38%). This nodal excitation 
has the mixed symmetric spatial part in contrast to the symmetric excitation in the OPEP 
model. 

This result shows that the three-quark state accompanied by the 1-unpaired pion consti- 
tutes an additional positive parity state in the nucleon spectrum. This is the new aspect of 
our study taking account of the explicit role of pion in the NRCQM. However, there is no 
Roper-like excitation below the negative parity nucleons because the additional state (pion 
mode excitation in the nucleon) has an excitation energy on the order of 2hu!. 

VII. SUMMARY 

We have introduced the coherent state of pions to the NRCQM in the CPA. The coherent 
property of the pion does not change the prediction of the OPEP model drastically. As for 
the nucleon mass spectrum, the CPA model gives qualitatively similar results in comparison 
with the OPEP model. However, the difference between the two models is clearly seen in 
the pion-quark interaction and the internal structure of baryons. 

In view of the SB^S, the pion is also an important constituent of the nucleon as well 
as the constituent quarks. Because the mass spectrum generated only by the excitation of 
quarks is not satisfactory for explaining the observed nucleon spectrum, the excitation of 
extra degrees of freedom, such as the pion in our work, should be considered in the analyses 
of the nucleon mass spectrum. 
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